similar properties (Reynafarje & Lehninger, 1973;  A. C. Griffin & A. L. Lehninger, unpublished work) .
Several studies on Ca2+ transport by suspensions of intact Ehrlich cells have also been reported. Thomason & Schofield (1959) reported that injected 45Ca2+ rapidly exchanged with the Ca2+ of Ehrlich cells growing in the peritoneal cavity of mice. Levinson & Blumenson (1970) demonstrated, using "Ca2 , that the Ca2. of Ehrlich cells occurs in three kinetically distinct compartments. However, Bygrave (1966) has reported failure of Ehrlich cells to bring about net accumulation of Ca2+ in vitro or in vivo. Subsequently, Cittadini et al. (1973) reported stimulation of respiration by Ehrlich ascites cells by Ca2+, as well as a considerable amount of 45Ca2+ uptake, which they attributed to mitochondrial activity; whether the 45Ca2+ uptake reported represented net accumulation of Ca2+ was not determined. Gornall et al. (1949) . Cell counts showed that 106 cells contain 460ug of protein and have dry wt. 875.ug, corrected for adhering salt medium. The stock cell suspension was kept at 0°C until used, usually within 3h.
The incubations were carried out in centrifuge tubes immersed in a 25°C water bath. To 4.0ml of saline medium, containing the other components in the final concentrations stated in the legends of the Tables and Figures, 1 .0ml ofthe stock cell suspension was added, and the mixture equilibrated for 2min at 25°C with gentle magnetic stirring. Ca2+ was then added at zero time. Samples were taken periodically, filtered quickly on 0.8,um Millipore filters, and washed with 3ml of cold saline medium under vacuum. Alternatively, the cells were recovered by centrifugation for 5min at 60g and washing with 3ml of cold saline medium. The washed filters were placed in vials, dried, and counted for radioactivity after addition of scintillation fluid (Bray, 1960 
Results
Effect ofrespiratory substrates and Ca2+ on the rate of respiration of various types of tumour cells Fig. 1 shows typical oxygen-electrode traces indicating the effect of Ca2 , substrates, inhibitors and other agents on the respiratory rate of Ehrlich ascitestumour cells. Addition ofCa2+ alone, in the absence of added substrates, produced no stimulation of the endogenous rate of oxygen consumption in either strain of Ehrlich cells (Fig. la) . When succinate was present in the medium, in the absence or presence of Mg2+, phosphate, or ATP, no increase in oxygen uptake above the endogenous rate was observed. Subsequent addition of Ca2+ yielded at most only a very slight stimulation of oxygen uptake (Fig. lb) . These properties were always seen in both strains of Ehrlich cells tested. Moreover, we observed no significant respiratory response to the addition of succinate and/or Ca2+ in three other types of malignant cells tested (L1210, Walborg AS30D and Novikoff hepatoma cells). Our observations thus differ from those of Cittadini et al. (1973) , who found substantial stimulation ofrespiration on addition of succinate and a further large stimulation by Ca2+ in their preparations of Ehrlich cells.
Rotenone almost completely inhibited the endogenous oxygen consumption of Ehrlich cells (Fig. I c) . If succinate was then added to the rotenone-poisoned cells, a small but significant stimulation of oxygen consumption ensued after a lag period of about 40s; however, subsequent addition of Ca2+ evoked little or no increase in oxygen uptake (Fig. Ic) . Similar results were observed with other types of tumour cells. Thus our observations differ significantly from those of Cittadini et al. (1973) .
Effect ofhypo-osmotic treatment on the respiratory rate of Ehrlich ascites-tumour cells
The question arose as to whether the differences between our experiments and those of Cittadini et al. (1973) (Fig. 2) . When succinate (or succinate plus phosphate) is added, Ca2+ uptake is not significantly increased, but when rotenone is present, succinate supports a much larger extent of Ca2+ uptake, which is maximal when phosphate is also present, about 7.5ng-ions/mg of protein (Fig. 2) . Maximal 45Ca2+ uptake was observed at about 4min at 25°C in virtually every batch of Ehrlich cells studied. 45Ca2+ uptake is not accompanied by an increased oxygen uptake under these conditions (Fig.  lb) uncoupling agent carbonyl cyanide p-trifluoromethoxyphenylhydrazone (Fig. 3) . After 4min, rapid efflux of the newly accumulated 45Ca2+ occurred. The maximum initial rate of Ca2+ uptake observed in the presence of succinate, phosphate and rotenone was approx. 3.5ng-ions of Ca2+/min per mg of cell protein (Fig. 2 ). This was followed by a slower phase, in which the Ca2+ uptake was at about one-third of this rate. If it is assumed that the mitochondria are the exclusive locus of uptake of Ca2+ and that the mitochondria contain about 10 % of the total protein of the Ehrlich cells, then the observed rate of Ca2+ uptake is equivalent to about 35 ng-ions of Ca2+/min per mg of mitochondrial protein, assuming that all the 45Ca2+ uptake represents net uptake (but see below). This rate is much lower than the maximal rate of Ca2+ uptake in isolated Ehrlich-cell mitochondria supplemented with succinate and phosphate, which is about 250-300ng-ions of Ca2+/min per mg of protein at 25-C (A. C. Griffin & A. L. Lehninger, unpublished work). The maximum amount of 45Ca2+ taken up by the Ehrlich cells at the 4min peak, equivalent to about 7.5 ng-ions per mg of protein ( Fig. 2) , if taken up only by the mitochondria contained in these cells would represent a Ca2+ load of about 75 ng-ions of Ca2+/mg of mitochondrial protein. This is considerably higher than the Ca2+ content of freshly isolated Ehrlich-cell mitochondria, about 20ng-ions/mg of protein, but much less than the total Ca2+ capacity of isolated Ehrlich-or liver-cell mitochondria, whiclh is in excess of lOOOng-ions of Ca2+/mg of protein.
Net uptak-e of Ca2+
Since the total Ca2+ content of the two strains of Ehrlich ascites-tumour cells isolated as described here was in the range 2.6-7.4ng-ions of Ca2+/mg of cell protein, the magnitude of the observed uptake of 45Ca2+ (for example, 7.5 ng-ions ofCa2+/mg ofprotein in Fig. 2 ) indicates that net Ca2+ uptake occurred, in addition to a possible exchange between Ca2+ in the mwdium and the cells. Net energy-dependent uptake of Ca2+ by the Ehrlich cells was in fact shown to take place by direct atomic-absorption measurements (Gochman & Givelber, 1970) . Fig. 4 shows that the Ca2`content of Ehrlich cells more than doubled in 4min when they were incubated in the presence of 200Mm-Ca2 , succinate, phosphate and rotenone. When succinate and phosphate were omitted, negligible net uptake of Ca2+ took place. (a) . In the experiment shown in the upper curve (-) Ehrlich cells were added at 6.36mg of protein/ml; 5 mM-phosphate was present. The total volume was 2.0ml. The Ca2+ concentration was varied. In the experiments shown by the two lower curves the P1 concentration was 0.1 mm. Curve 0 shows the Ca21 uptake and curve o the Pi'uptake.
Optimal conditions for succinate-supported Ca2' uptake Fig. 5(a) shows that the stimulating effect of phosphate on Ca2+ uptake has a sharp optimum at about 2mM; higher concentrations were inhibitory. At all concentrations of phosphate tested, the peak Ca2" uptake was at 4ni, followed by Ca2+ efflux. The succinate-concentration curve is biphasic (Fig. Sb) ; the steady increase in '5Ca2+ uptake as succinate is increased above 5mM suggsts the occurrence of concentration-dependent unmediated diffusion of succinate into the cells. The Ca+ concentrtion producing maximum uptake is in the range 400-800pM (Fig. Sc) , somewhat below the actual concentration of free, ionized Ca2+ in blood serum and interstitial fluid.
Uptake ofphosphate with Ca2+
The requirement of phosphate for maximal uptake of Ca2+ by the Ehrlich cells suggested that phosphate may enter the cells as co-anion with the Ca2+. Direct measurements of the uptake of PI labelled with 32p were carried out on Ehrlich cells under respiring conditions in which active uptake of Ca2+ was occurring. In these experiments, the phosphate concentration in the medium was 0.10mM, which yields about halfmaximaJ15Ca2+uptake (Fig. Sa) The failure of malate to stimulate respiration and Ca2+ uptake may be due to its inability to enter the cells. However, the fact that the substantial rotenonesensitive endogenous respiration, which is NADlinked, is also unable to support Ca2+ uptake suggests an alternative conclusion, namely that substrates feeding electrons directly into NAD or energyconserving site 1 may in general be unable to support Ca2+ uptake by intact cells. Moreover, since rotenone is required for maximal Ca2+ uptake (Fig. 2) , the oxidation of NAD-linked substrates appears to be inhibitory to succinate-supported Ca2+ uptake in intact cells. This point is further discusseid below.
Effect of various agents on Ca2+ efflux Fig. 6 shows that the addition of cyanide or the uncoupling agent carbonyl cyanide p-trifluoromethoxyphenylhydrazone greatly increases the efflux of45Ca2+ from the Ehrlich cells. On the other hand, Ruthenium Red, aa inhibitor of Ca2+ transport in mitochondria (Moore, 1971) , strongly inhibited Ca2+ efflux. Mg2+ also inhibited Ca2+ efflux substantially. Most striking, was rather unexpected, since ATP normally is not present in extracellular fluid and is generally thought to be impermeant through cell membranes.
Support ofCa2+ uptake by ATP in the absence ofadded substrates Tests were made of ATP and various other additions for their ability to support 45Ca2+ uptake by rotenone-poisoned cells in the absence of succinate (Fig. 7) . Without additions the cells had little or no ability to accumulate Ca2+. However, 2mM-ATP produced a significant rise in 45Ca2+ uptake, about to the value given by succinate+rotenone+phosphate. (Fig. 2) . That ATP supports net Ca2+ uptake by Ehrlich cells is shown in Fig. 4 The question now arises as to whether the Ca2+ uptake by the Ehrlich cell preparations reported in the present paper can be accounted for, ifit is assumed that all of the observed Ca2+ uptake occurs into the mitochondria of the 5 % of the cell population that is damaged sufficiently to absorb Trypan Blue. Presumably the cytosol of such cells, and thus their mitochondria, are readily accessible not only to external The observed rate and extent of Ca2+ uptake by the Ehrlich-cell population cannot be accounted for by the rate and extent of Ca2+ uptake of isolated mitochondria equivalent to the mitochondrial content of 5% of the cells. In the experiment in which both succinate and ATP were present, and m um Ca2+ uptakes were observed, the mitochondria of 5 % ofthe cells could account for no more than about one-sixth of the observed Ca2+-uptake rate by the entire cell population. Similarly, the mitochondria of 5 % of the Ehrlich cells would be unable to account for the large extent of Ca2+ uptake shown by the entire cell population.
Further evidence supporting these conclusions is developed in the Discussion section.
Dicussion Requiremenits for Ca2+ accumulationi
Our observations indicate that Ehrlich ascitestumour cells have the capacity, when properly supplemented, for net accumulation of Ca2+, but the maximal rate and extent of Ca 2 uptake are observed only under rather special and possibly unphysiological experimental conditions. Ehrlich cells suspended in an aerobic medium, containing glucose but no succinate or other (site-2-linked) respiratory substrates, transport Ca2+ inward at very low rates. It is particularly significant that although glucose is utilized via glycolysis at a high rate in Ehrlich cells, the ATP so generated does not appear to support Ca2+ uptake, in confirmation of Cittadini et al. (1973) . 45Ca2+ uptake by Ehrlich cells can, however, proceed at significantly high rates, with net accumulation of Ca2+, in media containing components not normally found in extracellular fluid of tumour-bearing animals. For example, when supplemented with succinate and the inhibitor rotenone, Ehrlich cells take up Ca2+ at a rate of about 3.5ng-ions/min per mg of protein, and in media containing ATP as well, Ca2+ uptake rates exceeding 12 ng-ions/min per mg of protein have been observed. Under these sets of conditions net increases in the Ca2+ content of the cells occurred; moreover, in both conditions Ca2+ uptake was dependent on metabolic energy generated by the mitochondria. Since neither ATP nor rotenone is present in normal extracellular fluid, and succinate is present in only very low concentrations, the effects produced by these agents are unlikely to represent the Vol. 158 normal physiological activity of these cells-in Ca2 transport. However, a possibly specific relationship between succinate oxidation and Ca2+ uptake by liver slices was pointed out by van Rossum (1969) .
Although the;observations reported here are in general agreement with the current view that the mitochondria of animal cells contain a significant pool of cell Ca2+, which has distinctive rates of Ca+ influx and efflux and which shows characteristic responses to mitochondrial inhibitors (Borle, 1973; Rose & Loewenstein, 1975) , the special conditions under which we observed maximal rates and amounts of Ca2+ uptake have raised a number of significant questions about the nature of the Ca2+-uptake process in isolated cell preparations and the factors that are important in Ca2+ homoeostasis in cells.
Integrity of the cell membranie as a factor in Ca2+ transport studies A central concern throughout this investigation has been the degree of intactness of the isolated Ehrlich-ascites-cell preparations. Although there have been many reports of active transport by various types of cancer cells or by isolated hepatocytes, nearly all such studies have involved study of inward transport across the cell mnembrane against a concentration gradient, for example the inward tranport ofglucose, amino acids or K+. Under these conditions the presence of a few per cent of cells with damaged, i.e. leaky, membranes permitting unmediated passage of a metabolite or mineral ion, underestimates only slightly the rate of inward transport. However, in Ca2+ transport by whole-cell preparations, permeability damage to the cell envelope can introduce a much more serious error, because of the facts that the cytosol Ca2+ concentration is very low (<1 pM) compared with the extracellular Ca2+ concentration, and that two distinct membrane-transport systems are involved, but in opposite directions. It is widely accepted that Ca2+ is pumped out of cells by an ATPdependent process taking place in the cell membrane. Entry of Ca2+ into intact cells from the extracellular fluid, in which the free Ca2+ concentration is 800-1000lm, is presumed to occur via a relatively slow passive process. Since the mitochondria of animal cells are extremely active in accumulating Ca2+ during respiration, damage to the plasma membrane could alow Ca2+ to enter the cytosol freely, thence to be pumped at a high rate into the mitochondrial matrix compartment. Thus a small fraction of cells with damaged plasma membranes but intact mitochondria could cause a very large over-estimation of the rate of influx of Ca2+ into the cells. This factor has been given little or no consideration in earlier studies of the compartmentation of Ca2+ transport by whole-cell preparations (Levinson & Blumenson, 1970; Borle, 1973; Cittadini et al., 1973) . Although Ehrlich ascites cells are rugged and may be easily isolated in free form without blending, homogenization or enzymic treatment, our observations suggest that differences in the manner of isolation or treatment may yield significant differences in the access of extracellular Ca2+, as well as extracellular succinate, to the mitochondria within the cells, as is illustrated by the differences in the behaviour of the Ehrlich-cell preparations reported here and those studied by Cittadini etal. (1973) . Moreover, exposure of Ehrlich cells to a hypo-osmotic NaCl medium can evoke a large increase in the permeability of the cell membrane to both succinate and Ca2+ (Fig. 1 ). Our observations that two different Ehrlich-cell strains, as well as three other types of cancer cells, L1210, Novikoff hepatoma and Walborg HS30D, consistently showed little or no respiratory response to either succinate or C(2+ in the absence of phosphate and rotenone, suggests that they were somewhat more 'intact' than the preparations studied by Cittadini et al. (1973) .
In the case of isolated hepatocytes, there is some evidence that permeability of the cell membrane to succinate correlates positively with Trypan Blue uptake (Mapes & Harris, 1975 Table 3 . Moreover, there are other special characteristics of Ca2+ uptake by Ehrlich-cell suspensions that cannot be accounted for by the assumption that a large fraction of the observed Ca2+ uptake takes place in the 5 % of permeability-damaged cells. Most striking is the observation that Ehrlich cells utilize succinate oxidation to support Ca2+ uptake, whereas they apparently cannot utilize oxidation of endogenous NAD-linked substrates or exogenous malate to support Ca2+ uptake. Extensive earlier work has shown that in isolated mitochondria from a number of animal tissues, the efficiency and stoicheiometry of all three energy-conserving sites in transporting Ca2+ is identical, yielding an uptake of 2 Ca2+ ions per 2 electrons per site (Rossi & Lehninger, 1963 , 1964 Chance, 1965) . Indeed, our data on whole-Ehrlich-cell preparations indicate that electron transfers through site 1 are inhibitory to Ca2+ uptake coupled to succinate oxidation, since rotenone, a specific inhibitor of electron flow through site 1, is required for maximnal Ca2+ uptake coupled to succinate oxidation (Fig. 2) .
Another significant difference between the behaviour of intact Ehrlich cells and isolated Ehrlich mitochondria is the rapid efflux ofnewly accumulated Ca2+ ions taking place in Ehrlich cells after about 4min ofincubation with succinate (Fig. 4) , to be compared with the exceptionally high stability of newly accumulated Ca2+ in isolated Ehrlich-cell mitochondria, which retain Ca2+ tenaciously, in contrast with normal liver mitochondria (Thorne & Bygrave, 1973a ,b, 1974a McIntyre & Bygrave, 1974;  A. C. Griffin & A. L. Lehninger, unpublished work).
For these several reasons it must be concluded that the bulk of the Ca2+ uptake by the Ehrlich-ascitescell preparations studied here is not primarily due to membrane leakiness of a small fraction of the cell population and the entry of Ca2+ into the mitochondria of the leaky cells.
Our observations on Ca2+ transport by isolated Ehrlich cells are in several respects similar to those on Ca2+ transport by isolated hepatocytes (Kleineke & Stratman, 1974 (Howard et al., 1973) . To this extent the observations on Ca2+ uptake in hepatocyte preparations are subject to some reservations, such as those expressed by Dubinsky & Cockrell (1975) , because of the possibility that Ca2+ and succinate may penetrate rapidly only into those cells having a damaged plasma membrane (Mapes & Harris, 1975 (Fig. 5a ). This is in agreement with the finding of Borle (1972) that increasing the concentration of phosphate in the medium surrounding cultured kidney cells can greatly expand (by up to 30-fold) the intracellular pool of Ca2+ that he has identified as mitochondrial. These observations are explained by the well-known fact that phosphate is the major physiological counteranion for the respiration-dependent transport of Ca2+ into the mitochondrial matrix compartment (Lehninger et al., 1967; Lehninger, 1974 (Rossi & Lehninger, 1963 , 1964 Lehninger et al., 1967) (Figs. 5-7) . Again, it might appear that ATP is effective only because it can gain direct access to the cytosol by leaking through the membrane of damaged cells, since ATP is not present in extracellular fluid and would not normally be available to tumour cells in vivo. However, extracellular ATPexerts some remarkable effects on 'intact' cell preparations. Dahlquist (1974) has described ATP-induced uptake of Ca2+ and Na+ by isolated mast cells, which respond by releasing histamine.
He ascribed this effect to an alteration of membrane permeability by external ATP, which was also found to increase entry of Trypan Blue into the cells (Kruger et al., 1974) . Perdue (1971) found that Ca2+ uptake by cultured chick-embryo fibroblasts is also stimulated when ATP is added to the extracellular medium, an effect inhibited by oligomycin. As with the Ehrlich cells described here, both mast cells and fibroblasts showed specificity for ATP; other nucleoside 5'-triphosphates were inactive. Perdue (1971) postulated that external ATP interacts with microfilament components ofthe cell membrane, increasing its permeability to both Ca2+ and external ATP. Ronquist & Agren (1975) described a Ca2+-and Mg2+-stimulated ATPase activity on the outer surface of Ehrlich ascites-tumour cells. They earlier showed that extracellular ATP can be generated by tumour cells (Agren & Ronquist, 1969) . The permeability-increasing effect of extracellular ATP was much more pronounced in mouse 3T3 cells after viral transformation (Rozengurt & Heppel, 1975) .
Since the normal activity of the Ca2+-transport systems of the plasma membrane is outwarddirected and depends on intracellular ATP, the occurrence ofan inward movement ofCa2+ supported by extracellular ATP represents a rather different process. In the experiments on Ehrlich cells reported in the present paper, extracellular ATP may actually have two effects: one to increase membrane permeability of the cell to both Ca2+ and ATP, and the other to supply energy during its oligomycin-sensitive hydrolysis in the mitochondria for the transport of cytosolic Ca2+ into the mitochondrial matrix.
